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Abstract

In anaesthetic practice the risk of cerebral ischemic/hypoxic damage is thought to be attenu-
ated by deep anaesthesia. The rationale is that deeper anaesthesia reduces cerebral oxygen
demand more than light anaesthesia, thereby increasing the tolerance to ischemia or hypoxia.
However, evidence to support this is scarce. We thus investigated the influence of light versus
deep anaesthesia on the responses of rat brains to a period of hypoxia. In the first experiment
we exposed adult male Wistar rats to deep or light propofol anaesthesia and then performed
['®F]- Fludeoxyglucose (FDG) Positron Emission Tomography (PET) scans to verify the extent
of cerebral metabolic suppression. In subsequent experiments, rats were subjected to light/
deep propofol anaesthesia and then exposed to a period of hypoxia or ongoing normoxia (n =
9-11 per group). A further 5 rats, not exposed to anaesthesia or hypoxia, served as controls.
Four days later a Novel Object Recognition (NOR) test was performed to assess mood and
cognition. After another 4 days, the animals were sacrificed for later immunohistochemical
analyses of neurogenesis/neuroplasticity (Doublecortin; DCX), Brain Derived Neurotrophic
Factor (BDNF) expression and neuroinflammation (lonized calcium-binding adaptor protein-1;
Iba-1) in hippocampal and piriform cortex slices. The hippocampi of rats subjected to hypoxia
during light anaesthesia showed lower DCX positivity, and therefore lower neurogenesis, but
higher BDNF levels and microglia hyper-ramification. Exploration was reduced, but no signifi-
cant effect on NOR was observed. In the piriform cortex, higher DCX positivity was observed,
associated with neuroplasticity. All these effects were attenuated by deep anaesthesia. Deep-
ening anaesthesia attenuated the brain changes associated with hypoxia. Hypoxia during light
anaesthesia had a prolonged effect on the brain, but no impairment in cognitive function was
observed. Although reduced hippocampal neurogenesis may be considered unfavourable,
higher BDNF expression, associated with microglia hyper-ramification may suggest activation
of repair mechanisms. Increased neuroplasticity observed in the piriform cortex supports this,
and might reflect a prolonged state of alertness rather than damage.
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Introduction

The aim of anaesthesia is to render the patient unconscious, and thus insensible to the pain
and suffering of surgery, and thereafter ensure a safe and complication free recovery.

Different anaesthetists apply different strategies in an attempt to optimize safety and to
optimize the quality of recovery from anaesthesia and surgery. Some aim for lighter anaes-
thesia, by administering lower doses of the anaesthetic drugs, since lighter doses are asso-
ciated with fewer hemodynamic adverse effects, such as hypotension, and a more rapid
recovery of consciousness once drug administration is stopped. Furthermore, some anaes-
thetists might opt for lighter anaesthesia because of recent evidence that the anaesthetic
agents have neurotoxic effects (particularly in the brains of the very young and the elderly)
and because of controversial evidence suggesting that deeper anaesthesia is associated
with a worse 1 year mortality rate [1-3]. Light anaesthesia however is associated with a
risk of inadvertent return of consciousness during supposed anaesthesia, which is a feared
complication of anaesthesia [4]. To avoid this problem of ‘awareness’ anaesthetists com-
monly administer deeper anaesthesia. Many anaesthetists consider that anaesthetic expo-
sure has no long-term consequences for the brain, and indeed there is evidence that
anaesthesia might be neuroprotective [3]. Systemic hypotension is common during sur-
gery, and may cause cerebral ischemia and/or hypoxia, which in turn may be associated
with neuronal damage and impaired postoperative cognitive outcome [5,6]. Most of the
currently used anaesthetic agents, such as propofol and isoflurane are Type A y-Aminobu-
tyric acid (GABA ») agonists, which potentiate y-Aminobutyric acid(GABA)-mediated
inhibition of synaptic transmission and thereby cause dose-dependent suppression of
cerebral metabolism [5-11]. By inhibiting cerebral metabolism, these agents reduce cere-
bral oxygen and glucose demand, and hence may prolong the time the brain can withstand
ischemia or hypoxia, without major neuronal damage. Accordingly, when cerebral ische-
mia or hypoxia are anticipated, anaesthetists will administer deep anaesthesia to protect
the brain [12,13]. However, evidence to support this practice is scarce. In the present
study, we thus investigated the influence of light versus deep anaesthesia on the responses
of rat brains to a period of hypoxia. We hypothesized that exposure to hypoxia during
light anaesthesia would cause changes in the brain, and that deep anaesthesia would atten-
uate these changes.

Materials and methods
Animals and ethical approval

Male Wistar rats (weight range 380 — 500g) were purchased from Harlan (Horst, The Nether-
lands) and housed for 2 weeks before the start of the experiments in the local animal facility
(Centrale Dienst Proefdieren, Groningen, the Netherlands) under controlled conditions with a
12/12-hour dark/light cycle with ad libitum access to food and water. The study was approved
by the local animal experiment and welfare committee (Dier Experimenten Commissie, Gro-
ningen, the Netherlands, DEC6281), and performed in accordance with the submitted proto-
col and local procedural regulations.

Using the Knibbe pharmacokinetic model for propofol we performed mathematical simula-
tions, to design two propofol infusion schemes, aiming to achieve light or deep propofol anaes-
thesia [14]. Two separate studies were then performed: study 1 to verify the extent of
metabolic suppression when deep or light propofol anaesthesia was administered using these
schemes (n = 20) and study 2 to investigate effects of hypoxia or normoxia in the presence of
deep or light anaesthesia (n = 46).
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Experimental protocol

Study 1. After induction of anaesthesia by isoflurane, rats (n = 20) were randomized to
receive either high or low dose propofol via a catheter inserted in the tail or penile vein, to
achieve deep or light anaesthesia respectively. Once target concentrations were reached and
the animals appeared to be in a stable plane of anaesthesia for at least two minutes, they under-
went Positron Emission Tomography (PET) scanning to obtain measurements of brain
metabolism.

Study 2. After induction of anaesthesia with isoflurane, rats (n = 41) were randomized to
receive either light or deep propofol anaesthesia. After 15 minutes of propofol anaesthesia, rats
were subjected to either 10 minutes of hypoxia or remained normoxic, resulting in 4 experi-
mental groups; light anaesthesia-normoxia (n = 11); light anaesthesia-hypoxia (n = 11); deep
anaesthesia-normoxia(n = 9); deep anaesthesia-hypoxia (n = 10). Subsequently, all rats were
ventilated at normoxia for another 30 minutes, allowed to awaken and then transferred back
to their cage. Naive rats, not exposed to anaesthesia (and without hypoxia) served as controls
(n = 5). Four days later, a Novel Object Recognition (NOR) test was performed to assess mood
and cognitive function. It is known that surgery can have long lasting effects on the rats’ ability
of recognizing objects, as such this decision was made in order to assess the rats after 4 days in
order to demonstrate the long-term effects of hypoxia during anaesthesia on cognitive decline
[15]. On day 8, rats were sacrificed, brains were collected and processed for immunohisto-
chemical analysis of neurogenesis, neuronal functioning and neuroinflammation.

Experimental procedures

Induction and maintenance of anaesthesia. Anaesthesia was induced by placing the rat
into a clear plastic box containing 2-3% isoflurane in a 50-50% mixture of O, and air. In rats
that underwent PET scanning (study 1), after induction, the trachea was intubated and the
lungs mechanically ventilated (Amsterdam Infant Ventilator; HoekLoos) at a rate of 50/min
using the same mixture as during induction. Tidal volume was set to achieve normocapnia ver-
ified by capnography and arterial blood gas analysis. The remaining rats (study 2) undergoing
anaesthesia, received a 50-50% mixture of O, and air administered via a face mask, with spon-
taneous ventilation.

The tail or penile vein was cannulated and a bolus dose of propofol (40mg/kg or 160mg/kg
in the light and deep anaesthesia group, respectively) was administered. After exactly 2 min-
utes, propofol infusion was administered using a target controlled infusion scheme, designed
based on the Knibbe model to reach 2 pg/ml (light anaesthesia) and 8 ug/ml (deep anaesthesia)
effect site concentration, respectively [14]. Heart rate and oxygenation were monitored with a
pulse oximeter. The tail artery was cannulated (26G catheter) for blood pressure monitoring
and arterial blood gas analysis. If hypotension was noticed, dopamine was administered to
maintain Mean Arterial Pressure (MAP) between 60-80 mmHg. The physiological parameters
measured can be found in Supporting Information as Appendix (S1 Appendix). The body tem-
perature of the rats was kept at 37.5+0.5°C using an electrical heating pad.

After at least two minutes of anaesthesia, the animals underwent the PET scanning proce-
dure or the hypoxia/normoxia intervention.

['®F] Fludeoxyglucose (FDG) Positron emission tomography scanning. ['*F]-FDG
PET scans were performed to verify extent of cerebral metabolic suppression during deep ver-
sus light anaesthesia (n = 10 per group). The rats were positioned into the small animal PET
scanner (Focus 220, Siemens Medical Solutions, USA, Inc.) in a transaxial position with their
heads in the field of view. A transmission scan of 515 seconds with a >’Co point source was
obtained for the correction of attenuation and scatter by tissue. After the transmission scan
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was completed, ['8F] FDG was injected intravenously (injected dose 19+3 MBq). Simulta-
neously with the injection of ['*F] FDG, an emission scan of 60 min was started. The list-mode
data of the emission scans was separated into 21-frame sinograms (8x30, 2x60, 2x120, 2x150,
3x300 and 3x600 seconds), which were iteratively reconstructed (OSEM2D, 4 iterations, 16
subsets) after being normalized and corrected for attenuation, scatter, randoms and decay.
PET image analysis was performed using VINCI 4.12 (Max Planck Institute for Neurological
Research Cologne, Germany) More detail on the approach can be found in the protocol in S1
Appendix.

Hypoxia and normoxia. The rats breathed spontaneously via a breathing mask, through
which a hypoxic or a normoxic mixture was administered for 10 minutes. In the normoxic
group, room air (21% O,) was administered. In the hypoxic group, a 5-95% mixture of O, and
N, was initially administered via a standard rotameter bank. The administered oxygen fraction
was then adjusted until the peripheral capillary oxygen saturation (SpO,) was between 50-
55%.

After 10 minutes of hypoxia/normoxia all rats were ventilated with 21% O, for another 30
minutes, allowed to spontaneously awaken and then transferred back to their cage in the ani-
mal facility.

Novel Object Recognition (NOR) test. On day 4 after anaesthesia and hypoxia induction
the NOR test was performed to assess working memory function that relies primarily on the
rats’ innate exploratory behaviour [16]. The NOR procedure was performed as follows: each
rat received a training phase of ten minutes, and one hour later, a testing phase of three min-
utes. During the training phase, rats were placed in a box with dimensions 65 x 45 x 45cm
(height) with two identical objects (two light bulbs) and allowed to explore the area. After ten
minutes, the rats were placed back into their cage. All objects were cleaned with 70% ethanol
before they were used in order to remove smell cues. One hour later, the rats were placed back
in the box, with one object exchanged for a novel one (a jar). After three minutes, each rat was
put back in the cage. The training phase and testing phase were both recorded with a camera
and analysed at a later time point (DOSBox 0.74 programme for behavioural data acquisition,
Eline Version 0.91 (Groningen)). The percentage of time the rats spent exploring each object
during the training and testing phase was measured and scored objectively in a blinded man-
ner and in a random order rats. The time spent exploring the 2 identical objects was taken as a
measure of “interest in environment”, as reduced interest in the environment can be associated
with negative affective states such as depression or anxiety. The ratio of time the animal spent
exploring the novel object expressed as percentage of the total object exploration was taken as
a measure of novel object recognition.

Sacrifice and harvesting of organs. On day 8, the animals were sacrificed by transcardial
perfusion with saline containing 0.1% EDTA, under brief deep isoflurane anaesthesia. The
brains were removed, rinsed, and immersion fixed in 4% paraformaldehyde for 4 days fol-
lowed by cryoprotection with 30% sucrose in Phosphate-Buffered Saline (PBS) and then frozen
at -80°C for immunohistochemical analysis.

Immunohistochemical analysis

The brains were sectioned with a cryostat Leica CM 3050 into 25 pum thick sections, and free
floating sections were further pretreated with 3% H,O, for 20 min. After staining, the sections
were mounted for image analysis. Images of the Doublecortin (DCX) and the ionized calcium-
binding adaptor protein-1 (Iba-1) stained sections were acquired with an Olympus BH2 micro-
scope with a Leica DFC320 CCD camera using an appropriate software (Leica Microsystems,
The Netherlands). The image analysis for the stainings was performed using Image-Pro Plus
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6.0.0.26 (Media Cybernetics, Inc.) The Brain Derived Neurotrophic Factor (BDNF) stainings
were analysed directly using the Leica software. The analyses were done by observers blinded
to the experimental groups in three sections per animal.

Doublecortin (DCX). Brain slices were stained for DCX to visualize adult neurogenesis
in the Dentate Gyrus (DG). DCX is a protein that is expressed in a precise manner in migrat-
ing neuroblasts during early embryonic development, as well as in neurogenic areas in the
adult brain. In addition, DCX positive cells in the piriform cortex, a sensory area adjacent to
the PET-scan indicated affected area, were analysed as they may reflect neuroplasticity [17]. As
control, DCX positivity was obtained in the basolateral amygdala by measuring optical density.
The detailed protocol for the staining can be found in S1 Appendix. A quantitative dimension
of DCX positive cells was obtained by dividing the area of DCX positive cells by the length of
chosen DG region [17].

Ionized calcium-binding adaptor protein-1 (Iba-1). To visualize microglia, we used
the ionized calcium-binding adaptor protein-1 (Iba-1), which is an actin-binding protein
that is specifically expressed in microglia and is used as an immunohistochemical marker
for both ramified and activated microglia [18]. The detailed protocol for the staining can
be found in S1 Appendix. Microglia morphology was used as parameter for neuroinflam-
mation and was analysed as described in detail by Hovens et al [19]. For that, the number
of microglia per region, the average total cell size, and average total cell body size
(expressed as pixels per high power field) were determined at 200x magnification. Subse-
quently, average dendrite area was calculated. Microglia activation is expressed as cell body
per cell size ratio, and is indicated as a relevant marker for neuroinflammation [19]. Micro-
glia analysis was obtained in the radial layer of the Dentate Gyrus-inner blade (DGib),
Cornu Ammonis 1 (CAl) and Cornu Ammonis 3 (CA3) region of the hippocampus. To
check for area specificity, microglia were also analysed in the piriform cortex (layer con-
taining DCX positive cells).

Brain derived neurotrophic factor (BDNF). Based on our findings regarding neuroin-
flammation and neurogenesis, we also aimed to investigate step in between to further elucidate
the underlying mechanism of the brain changes. Therefore, in the most relevant experimental
groups; controls (n = 5), hypoxia-light anaesthesia (n = 8), and hypoxia-deep anaesthesia
(n =9), we performed an additional staining on BDNF in the hippocampus. Detailed descrip-
tion of the protocol can be found in the S1 Appendix.

The optical density of each of three reference areas were measured for each hippocampal
section. The reference areas were: CA1 region, CA3, and DGib. Each reference area was com-
pared to the background optical density in real-time, high-resolution imaging using the Leica
Application Suite (LAS) Macro. However, since the staining was not uniform throughout the
sections, to maintain consistency the optical density of the reference area was measured against
alocal background area in the same region.

Statistical analysis

For the Iba-1, DCX, BDNF and NOR analysis, SPSS (IBM SPSS Statistics for Windows,
20.0.0.2) was used to calculate the mean and the Standard Error of Mean (SEM), and to per-
form statistical analysis. We analysed the multiple experimental group means by two-way anal-
ysis of variance (ANOVA) with the factors "anaesthetic depth (An)" and "oxygenation (Ox)",
followed by a Bonferroni post-hoc analysis. P-values <0.05 were considered significant. Fur-
thermore, correlations were assessed using Pearson’s correlation. Correlations with P-values
<0.05 were considered significant.
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Regarding the PET-scans, all data are expressed as mean + standard deviation and further
analysed by one-way ANOV A, with significance when the p-value <0.05. Statistical analysis
was performed using SPSS (IBM SPSS Statistics for Windows, version 18.0).

Results
General

In study 1, a reliable PET scan could be obtained from only 17 of the 20 rats (n = 9 for light
anaesthesia, n = 8 for deep anaesthesia). In study 2, 41 rats were subjected to anaesthesia, 6 of
which could not complete the study due to death during anaesthesia or technical problems,
resulting in the following group sizes: normoxia-light anaesthesia n = 9; hypoxia-light anaes-
thesia n = 8; normoxia-deep anaesthesia n = 8; and hypoxia-deep anaesthesia n = 10. The con-
trol group not exposed to anaesthesia or hypoxia consisted of 5 rats.

['®F] FDG small animal positron emission tomography scan

In Fig 1, representative examples of ['*F]-FDG PET scan images from a rat that underwent
light propofol anaesthesia (Fig 1A), and a rat that underwent deep anaesthesia (Fig 1B), are
depicted. These show lower ['®F]-FDG uptake across the whole brain during deep than during
light anaesthesia. This observation is substantiated by the region-of-interest (ROI) based anal-
ysis (Fig 1C) showing that ['*F]-FDG uptake was significantly lower for all brain regions in the
rats undergoing deep anaesthesia than those undergoing light anaesthesia (39-53% lower,
p<0.005 for all regions).

Novel object recognition (NOR) test

Cognitive performance was measured with the novel object recognition test. In the NOR test
analysis, data of 35 rats were available for analysis. During the training phase with two identical
objects, the rats did not show preference for the left or right object (5.6+0.5 and 5.6+0.8%,
respectively). There was reduced exploration of both objects in the hypoxia-light anaesthesia
group compared with the other groups, including a significant difference with the hypoxia-
deep anaesthesia group (Fig 2A). Moreover, the rats of the hypoxia-light anaesthesia group
spent significantly more time immobile. In the testing phase, all groups showed preference for
the novel object (significantly different from change level), without differences between the
groups (Fig 2B).

Immunohistochemical brain analysis

Doublecortin (DCX) staining. DCX staining was analyzed in three different regions of
the brain: the dentate gyrus, the piriform cortex and the lateral amygdala area. In the dentate
gyrus of the hippocampus there was a 45% reduction in the number of DCX-positive cells in
hypoxia-light anaesthesia group compared to the control group; the reduction in the hypoxia-
deep anaesthesia group was minimal (Fig 3A). Likewise, in the piriform cortex, hypoxia-light
anaesthesia rats displayed a minimal increase in DCX positivity compared to the control, an
effect that was reduced to control levels by deep anaesthesia (Fig 3B). No difference in DCX
expression between the experimental groups was observed in the lateral amygdala.

Ionized calcium-binding adaptor protein-1 (Iba-1) staining. In Fig 4, examples of Iba-1
stained microglia images in the CA1 region of the hippocampus are depicted for a control rat
(Fig 4A) and a light anaesthesia-hypoxia rat (Fig 4B). The photographs display microglia
hyper-ramification while the cell body size is unchanged after administering hypoxia during
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Fig 1. ['®F] FDG Positron Emission Tomography (PET) scan results. ['*F] FDG PET scan co-registered with an MRI template of a rat under light propofol
anaesthesia (A), and deep propofol anaesthesia (B). Fig 1C shows the results of the ROI-based analysis depicting the mean ['*F] FDG uptake across all animals subjected
to light (superficial) and deep propofol anaesthesia. Data were analysed by one-way ANOVA. *: significant difference between regions.

https://doi.org/10.1371/journal.pone.0193062.9001
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Fig 2. Novel Object Recognition (NOR) test 4 days after anaesthesia. Mean time spent exploring the objects vs. performing other activities (A) and preference over
the novel object vs. the old object (B) during the testing phase of the NOR test. The multiple experimental group means were analysed by two-way ANOVA with the
factors "anaesthetic depth" (An) and "oxygenation" (Ox) followed by a Bonferroni post-hoc analysis. *: significant difference between groups.

https://doi.org/10.1371/journal.pone.0193062.9002

light anaesthesia. This observation is substantiated with actual measurements as presented in
Fig 4C.

The number of microglia cells did not differ significantly among any of the groups for all
hippocampal areas (CA1: 14.47+0.44; DG: 15.54+0.61; CA3: 15.45+0.63 per high power field).
Microglia activation is characterized by an increased cell body size and shortening of the den-
dritic processes. In the CAL1 area, total microglia cell size is increased in the hypoxia-light
anaesthesia group compared to control, which is not present anymore when anaesthesia is
deepened. This can be attributed to a significant increase in dendrite area, as cell body area is
not changed. Similar effects, though not statistically significant, can be observed in the DG
area, but not in the CA3 area. In the latter, all anaesthesia groups, independent of concomitant
oxygen levels, displayed an increased cell size, attributable to increased dendrite area. This
reached statistical significance only in the hypoxia-deep anaesthesia group. (Fig 4C).

In the piriform cortex, the number of microglia per high power field was significantly lower
in the hypoxia-light anaesthesia group compared to all other groups (control: 20+1; normoxia-
light anaeshtesia:19+1; hypoxia light anaesthesia: 15+1; normoxia-deep anaesthesia: 20+1; hyp-
oxia-deep anaesthesia: 21+1). This is accompanied by a significantly increased cell size that
could be attributed to increased dendrite size (Fig 4C).
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Fig 3. Doublecortin (DCX) immunohistochemical brain analyses. Mean + Standard Error of Mean DCX expression found in the Dentate Gyrus (A) and Piriform
cortex (B). The multiple experimental group means were analysed by two-way ANOVA with the factors "anaesthetic depth” (An) and "oxygenation" (Ox) followed by a
Bonferroni post-hoc analysis. *: significant difference between groups.

https://doi.org/10.1371/journal.pone.0193062.9003

Brain derived neurotrophic factor (BDNF) staining. Fig 5 presents the BDNF staining
in the hippocampus. The corrected optical density for the CA1, CA3 and DG are shown for
the control, hypoxia-light anaesthesia and hypoxia-deep anaesthesia rats. ANOVA depicted
significant differences between groups for CA1 and DG, but post-hoc analysis only showed
significant differences between control and hypoxia-light anaesthesia in the DG.

Correlations

Correlations between relevant parameters were analysed. Firstly, cognitive performance, mea-
sured by the preference for the new object in the NOR test, was not different between groups
and was not correlated to any obtained parameter. However, time spent on exploration of the
objects is significantly positively correlated with DCX staining in the amygdala (Fig 6A), and
negatively to microglia cell body size and BDNF staining (Fig 6B) in the CA1 and DG region.
Moreover, it appeared negatively correlated with microglia dendrites in the piriform cortex.
Neurogenesis, measured as DCX staining in the DG, is not found to be correlated to microglia
parameters in the DG, but it is significantly correlated to microglia activity (Fig 6C), cell size
and dendrite area in the CA1 area. Furthermore, a significant positive correlation was found
for BDNF and total measured positive Iba-1 area for CA1 (Fig 6D) and DG. Similarly, a
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Fig 4. Ionized calcium-binding adaptor protein-1 (Iba-1) immunohistochemical analysis of the hippocampus. An example of
Iba-1 stained microglia images obtained from the CA1 region of the hippocampus with a 200x magnification showing control group
stains (A) and hypoxia-light anaesthesia stains (B) and overview per region of hippocampus (CA1, Dentate Gyrus, CA3) and
Piriform Cortex of the mean + Standard Error of Mean total cell size of microglia (first column), cell body size (second column) and
cell dendrite size (third column) (C). The multiple experimental group means were analysed by two-way ANOVA with the factors
"anaesthetic depth" (An) and "oxygenation" (Ox) followed by a Bonferroni post-hoc analysis. *: significant difference between

https://doi.org/10.1371/journal.pone.0193062.g004

correlation was found between BDNF and Iba-1 positive cell size and dendrite area for CAl,
but not for CA3 or DG. Finally, a significant correlation was observed between piriform cortex
DCX and microglia dendrites in this area (p = 0.002). Tables for each correlation can be found
in the S1 Appendix.

Discussion

In this study, we aimed to investigate whether the depth of anaesthesia at the time of a hypoxic
episode would affect the brain, which could be associated with changes in cognitive function.
We hypothesized that exposure to hypoxia during light anaesthesia would cause changes in the
brain, and that deep anaesthesia would attenuate these changes. We had anticipated that hyp-
oxia during light anaesthesia would cause alterations in the brain because of the mismatch
between cerebral oxygen demand and supply. Deeper anaesthesia, which reduces metabolism
and hence oxygen demand might thus attenuate these changes. Indeed, hypoxia during light
anaesthesia caused significant changes in the brain and behaviour. The observed hippocampal
reduction in neurogenesis (DCX) was associated with decreased exploration rather than cogni-
tive dysfunction. However, neurogenesis was positively correlated with microglia activity in
the hippocampus, suggesting activation of compensation (neuroinflammatory) mechanisms
rather than deterioration. Hippocampal microglia hyper-ramification, concomitant with
increased BDNF, as well as higher neuroplasticity (DCX) observed, correlated with microglia
hyper-ramification in the piriform cortex would support this. The above effects are lower or
absent in the hypoxia-deep anaesthesia group, indicating that indeed deep anaesthesia may
prevent changes in the brain afflicted by a mismatch between oxygen demand and oxygen sup-
ply during hypoxia-light anaesthesia.

The target organ of the anaesthetic agents is the brain, so anaesthetic depth is best quanti-
fied on the basis of the effects on the brain. With increasing depth of anaesthesia within clinical
ranges, most anaesthetic agents increasingly suppress cerebral electrical activity as detected by
the Electroencephalogram (EEG) [20] and cause a dose-dependent depression of the cerebral
metabolic rate [3,5-7,9,10,21] up to a nadir of about 40% of baseline (awake) metabolic rate
[20]. Accordingly, the PET scans confirmed that the magnitude of the glucose uptake (i.e. met-
abolic rate) during deep anaesthesia was almost half of that under light anaesthesia-suggesting
that the selected doses were indeed appropriate for light and deep anaesthesia. Glucose and
oxygen consumption are likely to change roughly in parallel, indicating a reduced oxygen
demand at the higher dose of propofol administered in the present study.

Anaesthetic effects on behaviour and cognition

In clinical studies, Postoperative Cognitive Dysfunction (POCD), comprising impairment of
memory, attention and executive functions, has been strongly linked to anaesthesia and sur-
gery and particularly to intraoperative ischemia (with resultant cerebral hypoxia) [1,22,23]. In
our experiments, rats who were exposed to hypoxia and received light anaesthesia spent signif-
icantly less time (compensated for by immobility) exploring the objects, but did not display
lower interest in the novel object. Rats showing less interest in their environment could be
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interpreted as signs of anxiety and depression, and/or a response to sickness or illness
[22,24,25], which would be supported by the correlation we found with changes in the
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amygdala, an area involved in affective behaviour. This finding supports the hypothesis that
hypoxia during low dose anaesthesia is associated with changes in the brain, and that deep
anaesthesia attenuates this. However, preference for the novel object, as a measure of cognition
(working memory) is preserved in all experimental groups, indicating no cognitive decline in
this respect due to the anaesthesia regimes used. Additionally, our findings show that rats
under deep anaesthesia show no changes in behaviour regardless of hypoxia exposure, suggest-
ing that deep anaesthesia preserves this aspect of cognitive function and has no negative effects
by itself.

Anaesthetic effects on neurogenesis/neuroplasticity

Doublecortin (DCX) is a cytoskeleton-associated protein that is transiently expressed during
adult neurogenesis and neuroplasticity [17]. It is associated with neuronal migration, axonal
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guidance and dendrite sprouting. The specific function of DCX in adult hippocampal neuro-
genesis is unknown, but in most instances, it can be used as a reliable measure for neurogen-
esis. DCX positive cells are present in adult rodent brains, including but not limited to the
dentate gyrus of the hippocampus, piriform cortex, corpus callosum, and the lateral ventricle
or amygdala [17]. Interestingly, in our study, we found different changes for different brain
regions. In the hypoxia-light anaesthesia rats the DCX positivity was reduced by 45% in the
DG of the hippocampus, whereas in the piriform cortex DCX expression was almost doubled.
Deeper anaesthesia in both regions reversed this effect towards control values. Hippocampal
DCX expression may represent neurogenesis, while piriform cortex DCX expression may
relate to neuroplasticity [17]. As we were able to show a significant positive correlation
between hippocampal microglial activity and hippocampal neurogenesis, increased microglia
activity here may be regarded as an attempt to compensate for the reduced neurogenesis.
Alternatively, microglia activation and neurogenesis may follow different time courses after
anaesthesia [22]. Studies have found that the olfactory bulb, functionally related to the piriform
cortex, is vulnerable to anaesthetics, showing neuro-apoptosis throughout the lifetime of a
mouse [26]. In the piriform cortex the increased DCX expression may rather reflect neuroplas-
ticity [17] and is concomitant with strong microglia hyper-ramification, indicating a cytopro-
tective action [17]. If anything, for all groups of anaesthetised rats the mean DCX expression
in the lateral amygdala was equally reduced in comparison to controls. The lateral amygdala is
thought to be responsible for fear learning and aversive behaviour including aggression and
anxiety, which is suggesting that the lateral amygdala may be sensitive to the anaesthetic
agents, rather than to hypoxia [22,27]. However, a highly significant correlation between
amygdala DCX and object exploration would support its contribution to the observed effects
in hypoxic-light anaesthesia conditions.

Anaesthetic effects on neuroinflammation

Iba-1 allows visualization of brain microglia [19]. This protein, which is constitutively
expressed in all microglia, is used to identify the functional state of microglia [19]. Compared
to quiescent ramified microglia, microglia in the activated amoeboid state exhibit increased
Iba-1 expression. In response to injury, morphological changes in classically activated micro-
glia include shortened dendrites with simultaneously increased cell body size [28,29]. How-
ever, alternatively activated microglia show opposite morphological changes and are
associated with a regulatory role in synaptic activity [30,31]. These hyper-ramified microglia
are associated with non-pathological stimuli, such as stress, and may relate to depressive
behaviour [30]. In our study, we observed a significant increase in total microglial cell size.
This increase could be attributed to increased dendrite area of microglia cells, as cell body area
remained unchanged. This finding shows that the microglia do not convert into the classically
pro-inflammatory activated phenotype associated with short dendrite length and larger cell
body size. Rather than distinct phenotypes, recently a wide spectrum of changes has been pro-
posed for these supporting cells with a strong overlap in gene expression and functional port-
folios [28,32,33].

Although additional staining for inflammatory markers would need to be performed to
confirm the inflammatory state of the microglia, the Iba-1 morphological changes in rats from
the hypoxia-light anaesthesia group may reflect a form of microglia priming It is well known
that microglia can be “sensitized” or primed for prolonged periods of time [28]. This is often
the result of prolonged or previous inflammatory stimulation [28,32,33]. These microglia are
preconditioned to become hyperactive once activated. Priming of microglia has been found to
be caused by chronic mild inflammation, prion disease, complement signalling and aging [28].
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As exposure to anaesthesia, particularly to inhalational anaesthesia, has been purported to
cause an acceleration of neurodegenerative processes, it is likely that the combination of light
anaesthesia and hypoxia induced oxidative stress can result in microglial changes in the rats
[3,28,34-36]. A property of primed microglia is that they fail to resolve from their hypersensi-
tive state, and will not respond to anti-inflammatory cytokines. It has been speculated that
microglial hyperactivation gives rise to depression-like behaviour and cognitive deficits [30].
This suggestion would be supported by the negative correlation between microglia dendrites
in the piriform cortex and exploration behaviour (depressive-like) in the present study.

Brain derived neurotrophic factor (BDNF) staining

Inflammation can directly and indirectly influence key regulatory functions of neurons
through factors such as neurotrophins. One such neurotrophin is BDNF [37,38]. Traditionally,
BDNF has been used as a marker for activation of intracellular cascades that regulate neuro-
plasticity, synaptogenesis and neurogenesis [22,39-43]. Furthermore, BDNF is linked with
essential executive cognitive functions such as memory [44,45]. Alternatively, precursors to
BDNF have been associated with growth factor induced neuro-apoptosis under some condi-
tions. Previous studies have shown that neuro-inflammation decreases BDNF expression
[37,40,46-48]. Interestingly, our findings showed that BDNF expression was markedly
increased in animals from the hypoxia-light anaesthesia group. Furthermore, there was a posi-
tive correlation between Iba-1 expression (and dendrite area) and BDNF expression in the
CA1 of the hippocampus, indicating that neuro-inflammation and microglia hyper-ramifica-
tion was associated with an increased BDNF expression. This finding may be explained by the
antibodies used for BDNF staining, which do not differentiate between BDNF and its precur-
sors. Mature-BDNF (mBDNF) supports survival of neurons through Tropomyosin Receptor
Kinase B (TrkB receptors), whereas pro-BDNF, the precursor to mBDNF, is involved in synap-
togenesis, but can also induce neuronal apoptosis through p75-Neurotrophic Receptors
(p75NTR) [46,47]. Anaesthetics have been shown to enhance p75NTR signalling, and thus to
promote BDNF dependent neuroapoptosis in the brain[37,46-48]. This phenomenon may
have occurred in all our anaesthetized rats, but the combination of light anaesthesia and hyp-
oxia would then significantly have increased BDNF-dependent apoptosis. An alternative expla-
nation for the increased BDNF in the hypoxia-light anaesthesia group is that the BDNF
expression occurred because of a compensatory release of neurotrophic factors by hyper-rami-
fied microglia, in response to reduced neurogenesis (as measured by DCX). It has been pro-
posed that reduced neurogenesis can stimulate mechanisms that increase the expression of
BDNF, and BDNF pathways for neuroplasticity and neurogenesis, for instance upregulation of
TrkB receptors[22].

Limitations

Some limitations of our study should be mentioned. Firstly, the effects were studied in rats,
who only underwent anaesthesia. In clinical settings, anaesthesia is almost always administered
to facilitate a surgical procedure. The surgical insult generates an inflammatory event and can
activate or exacerbate systemic inflammation [22,49]. However, this study did provide an
opportunity to study effects of different anaesthesia regimes, without the interference of effects
of surgery. Secondly, we chose one time point to measure the effects of a process that likely will
encompass a time course lasting weeks. Additionally, cognitive function as the ultimate out-
come of expected neuronal damage was investigated in only one test, merely testing working
memory. As all rats performed well, this test may not be sensitive enough to distinguish
between the different interventions. It is unknown if the changes identified in the rat brain
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tissue after 8 days are longer-lasting or reversible. Future studies should include measurements
to determine the long-term effects of (light and deep) anaesthesia and hypoxia. Thirdly our
findings are based on a relatively limited sample size, selected pragmatically as there were no
available satisfactory data to conduct an a-priori sample size calculation. A fourth limitation is
that with the current methodology isoflurane was administered prior to propofol administra-
tion and again prior to sacrifice. So-called anaesthetic pre-conditioning, which can be stimu-
lated by isoflurane might therefore have pre-activated defence and repair systems and thus
may have influenced the outcome [50].

Conclusion

Our data indicate that hypoxia during light anaesthesia is associated with significant immuno-
histological evidence of neuronal changes in comparison with other combined conditions.
Although reduced hippocampal neurogenesis may indicate unfavourable effects, higher BDNF
correlated to microglia hyper-ramification may suggest compensation for this effect. This is
further supported by increased neuroplasticity in the piriform cortex. As deep anaesthesia dur-
ing hypoxia at least partly attenuated all effects, we conclude that the effects of hypoxia during
light anaesthesia may indeed be prevented by deep anaesthesia. Further research is required to
confirm whether these effects occur in other pre-clinical settings, with larger sample sizes, and
can be extended to the surgical arena and translated into clinical settings.

Supporting information

S1 Appendix. Supporting information on methods and staining. Detailed overview of pro-
tocols used for Positron Emission Tomography and the various immunohistochemical analy-
ses with corresponding photographs of each staining and tables for physiological parameters
measured during the experiment and the results for all correlations performed in this manu-
script.

(DOCX)

Acknowledgments

The authors would like to thank J.K. Slopsema, W. Douwenga, J.N. Keijser, I.B. Hovens and
the other staff of the department of Molecular Neurobiology for technical support and guid-
ance. Further thanks to M. Houwertjes, R Dierickx and M. Goris for their assistance in the
study.

Author Contributions

Conceptualization: Alain F. Kalmar, Michel M. R. F. Struys, Regien G. Schoemaker, Anthony
R. Absalom.

Data curation: Setayesh R. Tasbihgou, Mina Netkova, Alain F. Kalmar, Janine Doorduin.

Formal analysis: Setayesh R. Tasbihgou, Mina Netkova, Regien G. Schoemaker, Anthony R.
Absalom.

Funding acquisition: Alain F. Kalmar, Michel M. R. F. Struys.

Investigation: Setayesh R. Tasbihgou, Mina Netkova, Janine Doorduin, Regien G. Schoe-
maker, Anthony R. Absalom.

Methodology: Setayesh R. Tasbihgou, Mina Netkova, Janine Doorduin, Regien G. Schoe-
maker, Anthony R. Absalom.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193062 February 16, 2018 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193062.s001
https://doi.org/10.1371/journal.pone.0193062

@° PLOS | ONE

Anaesthetic depth and neuroprotection

Project administration: Regien G. Schoemaker, Anthony R. Absalom.

Supervision: Regien G. Schoemaker, Anthony R. Absalom.

Writing - original draft: Setayesh R. Tasbihgou, Mina Netkova.

Writing - review & editing: Setayesh R. Tasbihgou, Mina Netkova, Michel M. R. F. Struys,

Regien G. Schoemaker, Anthony R. Absalom.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Monk TG, Weldon BC, Garvan CW, Dede DE, van der Aa M T, Heilman KM, et al. Predictors of cogni-
tive dysfunction after major noncardiac surgery. Anesthesiology. 2008; 108: 18—30. https://doi.org/10.
1097/01.anes.0000296071.19434.1e PMID: 18156878

Lindholm ML, Traff S, Granath F, Greenwald SD, Ekbom A, Lennmarken C, et al. Mortality within 2
years after surgery in relation to low intraoperative bispectral index values and preexisting malignant
disease. Anesth Analg. 2009; 108: 508-512. https://doi.org/10.1213/ane.0b013e31818f603c PMID:
19151279

Jevtovic-Todorovic V, Absalom AR, Blomgren K, Brambrink A, Crosby G, Culley DJ, et al. Anaesthetic
neurotoxicity and neuroplasticity: an expert group report and statement based on the BJA Salzburg
Seminar. BrJ Anaesth. 2013; 111: 143—151. https://doi.org/10.1093/bja/aet177 PMID: 23722106

Pandit JJ, Andrade J, Bogod DG, Hitchman JM, Jonker WR, Lucas N, et al. 5th National Audit Project
(NAP5) on accidental awareness during general anaesthesia: summary of main findings and risk fac-
tors. BrJ Anaesth. 2014; 113: 549-559. https://doi.org/10.1093/bja/aeu313 PMID: 25204697

Mortier E, Struys M, Herregods L. Therapeutic coma or neuroprotection by anaesthetics. Acta Neurol
Belg. 2000; 100: 225-228. PMID: 11233677

Koerner IP, Brambrink AM. Brain protection by anesthetic agents. Curr Opin Anaesthesiol. 2006; 19:
481-486. https://doi.org/10.1097/01.ac0.0000245271.84539.4c PMID: 16960478

Sanders RD, Ma D, Maze M. Anaesthesia induced neuroprotection. Best Pract Res Clin Anaesthesiol.
2005; 19: 461-474. PMID: 16013694

Schifilliti D, Grasso G, Conti A, Fodale V. Anaesthetic-related neuroprotection: intravenous or inhala-
tional agents? CNS Drugs. 2010; 24: 893-907. https://doi.org/10.2165/11584760-000000000-00000
PMID: 20932063

Alkire MT, Hudetz AG, Tononi G. Consciousness and anesthesia. Science. 2008; 322: 876—-880.
https://doi.org/10.1126/science.1149213 PMID: 18988836

Franks NP. General anaesthesia: from molecular targets to neuronal pathways of sleep and arousal.
Nat Rev Neurosci. 2008; 9: 370-386. https://doi.org/10.1038/nr2372 PMID: 18425091

Zwerus R, Absalom A. Update on anesthetic neuroprotection. Curr Opin Anaesthesiol. 2015; 28: 424—
430. https://doi.org/10.1097/AC0O.0000000000000212 PMID: 26087268

Clarkson AN. Anesthetic-mediated protection/preconditioning during cerebral ischemia. Life Sci. 2007;
80: 1157—-1175. https://doi.org/10.1016/j.Ifs.2006.12.022 PMID: 17258776

Wang L, Traystman RJ, Murphy SJ. Inhalational anesthetics as preconditioning agents in ischemic
brain. Curr Opin Pharmacol. 2008; 8: 104—110. https://doi.org/10.1016/j.coph.2007.09.005 PMID:
17962069

Knibbe CA, Zuideveld KP, Aarts LP, Kuks PF, Danhof M. Allometric relationships between the pharma-
cokinetics of propofol in rats, children and adults. Br J Clin Pharmacol. 2005; 59: 705-711. https://doi.
org/10.1111/j.1365-2125.2005.02239.x PMID: 15948935

Deshmukh SS, Knierim JJ. Hippocampus. Wiley Interdisciplinary Reviews: Cognitive Science. 2012; 3:
231-251. https://doi.org/10.1002/wcs. 1164 PMID: 26301397

Ennaceur A, Delacour J. A new one-trial test for neurobiological studies of memory in rats. 1: Behavioral
data. Behav Brain Res. 1988; 31: 47-59. PMID: 3228475

Klempin F, Kronenberg G, Cheung G, Kettenmann H, Kempermann G. Properties of doublecortin-
(DCX)-expressing cells in the piriform cortex compared to the neurogenic dentate gyrus of adult mice.
PLoS One. 2011; 6: 25760. https://doi.org/10.1371/journal.pone.0025760 PMID: 22022443

Vinet J, Weering HR, Heinrich A, Kalin RE, Wegner A, Brouwer N, et al. Neuroprotective function for
ramified microglia in hippocampal excitotoxicity. J Neuroinflammation. 2012; 9: 27. https://doi.org/10.
1186/1742-2094-9-27 PMID: 22293457

PLOS ONE | https://doi.org/10.1371/journal.pone.0193062 February 16, 2018 17/19


https://doi.org/10.1097/01.anes.0000296071.19434.1e
https://doi.org/10.1097/01.anes.0000296071.19434.1e
http://www.ncbi.nlm.nih.gov/pubmed/18156878
https://doi.org/10.1213/ane.0b013e31818f603c
http://www.ncbi.nlm.nih.gov/pubmed/19151279
https://doi.org/10.1093/bja/aet177
http://www.ncbi.nlm.nih.gov/pubmed/23722106
https://doi.org/10.1093/bja/aeu313
http://www.ncbi.nlm.nih.gov/pubmed/25204697
http://www.ncbi.nlm.nih.gov/pubmed/11233677
https://doi.org/10.1097/01.aco.0000245271.84539.4c
http://www.ncbi.nlm.nih.gov/pubmed/16960478
http://www.ncbi.nlm.nih.gov/pubmed/16013694
https://doi.org/10.2165/11584760-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20932063
https://doi.org/10.1126/science.1149213
http://www.ncbi.nlm.nih.gov/pubmed/18988836
https://doi.org/10.1038/nrn2372
http://www.ncbi.nlm.nih.gov/pubmed/18425091
https://doi.org/10.1097/ACO.0000000000000212
http://www.ncbi.nlm.nih.gov/pubmed/26087268
https://doi.org/10.1016/j.lfs.2006.12.022
http://www.ncbi.nlm.nih.gov/pubmed/17258776
https://doi.org/10.1016/j.coph.2007.09.005
http://www.ncbi.nlm.nih.gov/pubmed/17962069
https://doi.org/10.1111/j.1365-2125.2005.02239.x
https://doi.org/10.1111/j.1365-2125.2005.02239.x
http://www.ncbi.nlm.nih.gov/pubmed/15948935
https://doi.org/10.1002/wcs.1164
http://www.ncbi.nlm.nih.gov/pubmed/26301397
http://www.ncbi.nlm.nih.gov/pubmed/3228475
https://doi.org/10.1371/journal.pone.0025760
http://www.ncbi.nlm.nih.gov/pubmed/22022443
https://doi.org/10.1186/1742-2094-9-27
https://doi.org/10.1186/1742-2094-9-27
http://www.ncbi.nlm.nih.gov/pubmed/22293457
https://doi.org/10.1371/journal.pone.0193062

@° PLOS | ONE

Anaesthetic depth and neuroprotection

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hovens |, Nyakas C, Schoemaker R. A novel method for evaluating microglial activation using ionized
calcium-binding adaptor protein-1 staining: cell body to cell size ratio. Neuroimmunology and Neuroin-
flammation. 2014; 1: 82—88.

Warner DS, Takaoka S, Wu B, Ludwig PS, Pearlstein RD, Brinkhous AD, et al. Electroencephalo-
graphic burst suppression is not required to elicit maximal neuroprotection from pentobarbital in a rat
model of focal cerebral ischemia. Anesthesiology. 1996; 84: 1475-1484. PMID: 8669689

Kawaguchi M, Furuya H, Patel PM. Neuroprotective effects of anesthetic agents. J Anesth. 2005; 19:
150-156. https://doi.org/10.1007/s00540-005-0305-5 PMID: 15875133

Hovens IB, Schoemaker RG, van der Zee E A, Absalom AR, Heineman E, van Leeuwen BL. Postopera-
tive cognitive dysfunction: Involvement of neuroinflammation and neuronal functioning. Brain Behav
Immun. 2014; 38: 202-210. https://doi.org/10.1016/j.bbi.2014.02.002 PMID: 24517920

Monk TG, Price CC. Postoperative cognitive disorders. Curr Opin Crit Care. 2011; 17: 376-381. https://
doi.org/10.1097/MCC.0b013e328348bece PMID: 21716111

Capuron L, Miller AH. Immune system to brain signaling: neuropsychopharmacological implications.
Pharmacol Ther. 2011; 130: 226-238. https://doi.org/10.1016/j.pharmthera.2011.01.014 PMID:
21334376

Schoemaker RG, Smits JF. Behavioral changes following chronic myocardial infarction in rats. Physiol
Behav. 1994; 56: 585-589. PMID: 7972412

Deng M, Hofacer RD, Jiang C, Joseph B, Hughes EA, Jia B, et al. Brain regional vulnerability to anaes-
thesia-induced neuroapoptosis shifts with age at exposure and extends into adulthood for some
regions. BrJ Anaesth. 2014; 113: 443-451. https://doi.org/10.1093/bja/aet469 PMID: 24431386

Cacciaglia R, Nees F, Grimm O, Ridder S, Pohlack ST, Diener SJ, et al. Trauma exposure relates to
heightened stress, altered amygdala morphology and deficient extinction learning: Implications for psy-
chopathology. Psychoneuroendocrinology. 2016; 76: 19-28. https://doi.org/10.1016/j.psyneuen.2016.
11.012 PMID: 27871027

Eggen BJ, Raj D, Hanisch UK, Boddeke HW. Microglial phenotype and adaptation. J Neuroimmune
Pharmacol. 2013; 8: 807—-823. https://doi.org/10.1007/s11481-013-9490-4 PMID: 23881706

Walker FR, Nilsson M, Jones K. Acute and chronic stress-induced disturbances of microglial plasticity,
phenotype and function. Curr Drug Targets. 2013; 14: 1262—1276. https://doi.org/10.2174/
13894501113149990208 PMID: 24020974

Hellwig S, Brioschi S, Dieni S, Frings L, Masuch A, Blank T, et al. Altered microglia morphology and
higher resilience to stress-induced depression-like behavior in CX3CR1-deficient mice. Brain Behav
Immun. 2016; 55: 126—137. https://doi.org/10.1016/].bbi.2015.11.008 PMID: 26576722

Beynon SB, Walker FR. Microglial activation in the injured and healthy brain: what are we really talking
about? Practical and theoretical issues associated with the measurement of changes in microglial mor-
phology. Neuroscience. 2012; 225: 162—171. https://doi.org/10.1016/j.neuroscience.2012.07.029
PMID: 22824429

Raj DD, Moser J, van der Pol S M, van Os RP, Holtman IR, Brouwer N, et al. Enhanced microglial pro-
inflammatory response to lipopolysaccharide correlates with brain infiltration and blood-brain barrier
dysregulation in a mouse model of telomere shortening. Aging Cell. 2015; 14: 1003—1013. https://doi.
org/10.1111/acel.12370 PMID: 26238505

Raj DD, Jaarsma D, Holtman IR, Olah M, Ferreira FM, Schaafsma W, et al. Priming of microgliain a
DNA-repair deficient model of accelerated aging. Neurobiol Aging. 2014; 35: 2147-2160. https://doi.
org/10.1016/j.neurobiolaging.2014.03.025 PMID: 24799273

Xie Z, Tanzi RE. Alzheimer’s disease and post-operative cognitive dysfunction. Exp Gerontol. 2006; 41:
346-359. https://doi.org/10.1016/j.exger.2006.01.014 PMID: 16564662

Eckenhoff RG, Johansson JS, Wei H, Carnini A, Kang B, Wei W, et al. Inhaled anesthetic enhancement
of amyloid-beta oligomerization and cytotoxicity. Anesthesiology. 2004; 101: 703-709. PMID:
15329595

Dong Y, Zhang G, Zhang B, Moir RD, Xia W, Marcantonio ER, et al. The common inhalational anes-
thetic sevoflurane induces apoptosis and increases beta-amyloid protein levels. Arch Neurol. 2009; 66:
620-631. https://doi.org/10.1001/archneurol.2009.48 PMID: 19433662

Bibel M, Barde YA. Neurotrophins: key regulators of cell fate and cell shape in the vertebrate nervous
system. Genes Dev. 2000; 14: 2919-2937. PMID: 11114882

Yirmiya R, Goshen |. Inmune modulation of learning, memory, neural plasticity and neurogenesis.
Brain Behav Immun. 2011; 25: 181-213. https://doi.org/10.1016/j.bbi.2010.10.015 PMID: 20970492

Hovens IB, Schoemaker RG, van der Zee E A, Heineman E, Nyakas C, van Leeuwen BL. Surgery-
induced behavioral changes in aged rats. Exp Gerontol. 2013; 48: 1204—1211. https://doi.org/10.1016/j.
exger.2013.07.011 PMID: 23916881

PLOS ONE | https://doi.org/10.1371/journal.pone.0193062 February 16, 2018 18/19


http://www.ncbi.nlm.nih.gov/pubmed/8669689
https://doi.org/10.1007/s00540-005-0305-5
http://www.ncbi.nlm.nih.gov/pubmed/15875133
https://doi.org/10.1016/j.bbi.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24517920
https://doi.org/10.1097/MCC.0b013e328348bece
https://doi.org/10.1097/MCC.0b013e328348bece
http://www.ncbi.nlm.nih.gov/pubmed/21716111
https://doi.org/10.1016/j.pharmthera.2011.01.014
http://www.ncbi.nlm.nih.gov/pubmed/21334376
http://www.ncbi.nlm.nih.gov/pubmed/7972412
https://doi.org/10.1093/bja/aet469
http://www.ncbi.nlm.nih.gov/pubmed/24431386
https://doi.org/10.1016/j.psyneuen.2016.11.012
https://doi.org/10.1016/j.psyneuen.2016.11.012
http://www.ncbi.nlm.nih.gov/pubmed/27871027
https://doi.org/10.1007/s11481-013-9490-4
http://www.ncbi.nlm.nih.gov/pubmed/23881706
https://doi.org/10.2174/13894501113149990208
https://doi.org/10.2174/13894501113149990208
http://www.ncbi.nlm.nih.gov/pubmed/24020974
https://doi.org/10.1016/j.bbi.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26576722
https://doi.org/10.1016/j.neuroscience.2012.07.029
http://www.ncbi.nlm.nih.gov/pubmed/22824429
https://doi.org/10.1111/acel.12370
https://doi.org/10.1111/acel.12370
http://www.ncbi.nlm.nih.gov/pubmed/26238505
https://doi.org/10.1016/j.neurobiolaging.2014.03.025
https://doi.org/10.1016/j.neurobiolaging.2014.03.025
http://www.ncbi.nlm.nih.gov/pubmed/24799273
https://doi.org/10.1016/j.exger.2006.01.014
http://www.ncbi.nlm.nih.gov/pubmed/16564662
http://www.ncbi.nlm.nih.gov/pubmed/15329595
https://doi.org/10.1001/archneurol.2009.48
http://www.ncbi.nlm.nih.gov/pubmed/19433662
http://www.ncbi.nlm.nih.gov/pubmed/11114882
https://doi.org/10.1016/j.bbi.2010.10.015
http://www.ncbi.nlm.nih.gov/pubmed/20970492
https://doi.org/10.1016/j.exger.2013.07.011
https://doi.org/10.1016/j.exger.2013.07.011
http://www.ncbi.nlm.nih.gov/pubmed/23916881
https://doi.org/10.1371/journal.pone.0193062

@° PLOS | ONE

Anaesthetic depth and neuroprotection

40.

M.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Luikart BW, Nef S, Virmani T, Lush ME, Liu Y, Kavalali ET, et al. TrkB has a cell-autonomous role in the
establishment of hippocampal Schaffer collateral synapses. J Neurosci. 2005; 25: 3774-3786. https:/
doi.org/10.1523/JNEUROSCI.0041-05.2005 PMID: 15829629

Lu'Y, Christian K, Lu B. BDNF: a key regulator for protein synthesis-dependent LTP and long-term
memory? Neurobiol Learn Mem. 2008; 89: 312-323. https://doi.org/10.1016/j.nIm.2007.08.018 PMID:
17942328

Tong L, Prieto GA, Kramar EA, Smith ED, Cribbs DH, Lynch G, et al. Brain-derived neurotrophic factor-
dependent synaptic plasticity is suppressed by interleukin-1beta via p38 mitogen-activated protein
kinase. J Neurosci. 2012; 32: 17714—17724. https://doi.org/10.1523/JNEUROSCI.1253-12.2012 PMID:
23223292

Perez-Gomez A, Tasker RA. Transient domoic acid excitotoxicity increases BDNF expression and acti-
vates both MEK- and PKA-dependent neurogenesis in organotypic hippocampal slices. BMC Neurosci.
2013; 14: 72. https://doi.org/10.1186/1471-2202-14-72 PMID: 23865384

Barrientos RM, Sprunger DB, Campeau S, Watkins LR, Rudy JW, Maier SF. BDNF mRNA expression
in rat hippocampus following contextual learning is blocked by intrahippocampal IL-1beta administra-
tion. J Neuroimmunol. 2004; 155: 119-126. https://doi.org/10.1016/j.jneuroim.2004.06.009 PMID:
15342202

Cortese GP, Barrientos RM, Maier SF, Patterson SL. Aging and a peripheral immune challenge interact
to reduce mature brain-derived neurotrophic factor and activation of TrkB, PLCgamma1, and ERK in
hippocampal synaptoneurosomes. J Neurosci. 2011; 31: 4274-4279. https://doi.org/10.1523/
JNEUROSCI.5818-10.2011 PMID: 21411668

Head BP, Patel HH, Niesman IR, Drummond JC, Roth DM, Patel PM. Inhibition of p75 neurotrophin
receptor attenuates isoflurane-mediated neuronal apoptosis in the neonatal central nervous system.
Anesthesiology. 2009; 110: 813-825. https://doi.org/10.1097/ALN.0b013e31819b602b PMID:
19293698

Lu LX, Yon JH, Carter LB, Jevtovic-Todorovic V. General anesthesia activates BDNF-dependent neu-
roapoptosis in the developing rat brain. Apoptosis. 2006; 11: 1603—1615. https://doi.org/10.1007/
$10495-006-8762-3 PMID: 16738805

Lee R, Kermani P, Teng KK, Hempstead BL. Regulation of cell survival by secreted proneurotrophins.
Science. 2001; 294: 1945-1948. PMID: 11729324

Hovens IB, van Leeuwen BL, Nyakas C, Heineman E, van der Zee E A, Schoemaker RG. Prior infection
exacerbates postoperative cognitive dysfunction in aged rats. Am J Physiol Regul Integr Comp Physiol.
2015; 309: 148-159.

McAuliffe JJ, Loepke AW, Miles L, Joseph B, Hughes E, Vorhees CV. Desflurane, isoflurane, and sevo-
flurane provide limited neuroprotection against neonatal hypoxia-ischemia in a delayed preconditioning
paradigm. Anesthesiology. 2009; 111: 533-546. https://doi.org/10.1097/ALN.0b013e3181b060d3
PMID: 19672176

PLOS ONE | https://doi.org/10.1371/journal.pone.0193062 February 16, 2018 19/19


https://doi.org/10.1523/JNEUROSCI.0041-05.2005
https://doi.org/10.1523/JNEUROSCI.0041-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/15829629
https://doi.org/10.1016/j.nlm.2007.08.018
http://www.ncbi.nlm.nih.gov/pubmed/17942328
https://doi.org/10.1523/JNEUROSCI.1253-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23223292
https://doi.org/10.1186/1471-2202-14-72
http://www.ncbi.nlm.nih.gov/pubmed/23865384
https://doi.org/10.1016/j.jneuroim.2004.06.009
http://www.ncbi.nlm.nih.gov/pubmed/15342202
https://doi.org/10.1523/JNEUROSCI.5818-10.2011
https://doi.org/10.1523/JNEUROSCI.5818-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21411668
https://doi.org/10.1097/ALN.0b013e31819b602b
http://www.ncbi.nlm.nih.gov/pubmed/19293698
https://doi.org/10.1007/s10495-006-8762-3
https://doi.org/10.1007/s10495-006-8762-3
http://www.ncbi.nlm.nih.gov/pubmed/16738805
http://www.ncbi.nlm.nih.gov/pubmed/11729324
https://doi.org/10.1097/ALN.0b013e3181b060d3
http://www.ncbi.nlm.nih.gov/pubmed/19672176
https://doi.org/10.1371/journal.pone.0193062

